The Eph family of receptor tyrosine kinases and their ephrin ligands are mediators of cell-cell communication. Cleavage of ephrin-A2 by the ADAM10 membrane metalloprotease enables contact repulsion between Eph-and ephrin-expressing cells. How ADAM10 interacts with ephrins in a regulated manner to cleave only Eph bound ephrin molecules remains unclear. The structure of ADAM10 disintegrin and cysteinerich domains and the functional studies presented here define an essential substrate-recognition module for functional interaction of ADAM10 with the ephrin-A5/EphA3 complex. While ADAM10 constitutively associates with EphA3, the formation of a functional EphA3/ephrin-A5 complex creates a new molecular recognition motif for the ADAM10 cysteine-rich domain that positions the proteinase domain for effective ephrin-A5 cleavage. Surprisingly, the cleavage occurs in trans, with ADAM10 and its substrate being on the membranes of opposing cells. Our data suggest a simple mechanism for regulating ADAM10-mediated ephrin proteolysis, which ensures that only Eph bound ephrins are recognized and cleaved.
Introduction
The Eph receptors, the largest subfamily of receptor tyrosine kinases (RTKs), and their ephrin ligands are important mediators of cell-cell communications regulating cell attachment, shape, and mobility (Poliakov et ADAM proteases are multidomain transmembrane proteins, comprising extracellular protease, disintegrin, cysteine-rich, and EGF-like domains (Blobel, 2005; White, 2003) . Surprisingly, these enzymes do not manifest a typical cleavage sequence signature and substrate specificity is not fully conveyed by the proteinase domain but can also depend on the other noncatalytic extracellular regions including the disintegrin and cysteine-rich domains (Reddy et al., 2000; Smith et al., 2002; White, 2003) . In the case of ephrin shedding, ADAM10 was found to be constitutively associated with ephrin-A2, and the presence of clustered EphA3 was required for efficient cleavage. The ephrin cleavage was proposed to occur in cis (within the same cell membrane harboring both proteinase and substrate) as has been documented so far for all other ADAM-mediated shedding. While a peptide derived from a conserved region within the Eph binding domain of ephrin-A2 appeared to enhance cleavage and suggested a potential ADAM/ephrin interaction interface (Hattori et al., 2000) , subsequently determined structures of two Eph/ephrin complexes (Himanen et al., 2001 (Himanen et al., , 2004 ) revealed the corresponding ephrin region to be directly involved in Eph binding and unavailable for ADAM interactions upon Eph/ephrin complex formation. It still remains unclear how ADAM10 interacts with ephrins in a regulated manner, ensuring cleavage of only Eph bound ephrin molecules. We therefore decided to investigate the interaction of ADAM10 with the complex between cellsurface EphA3 and its high-affinity ligand ephrin-A5. 
ADAM10 Cleaves Ephrin-A5 upon Binding to EphA3
When cells expressing both ADAM10 and EphA3, such as the EphA3/HEK293 cells discussed above, are exposed to ephrin-A5-Fc, we observe cleavage of the fusion protein to single-chain, M r w 28k ephrin-A5. This processing is notably elevated in cell cultures that has been exposed to an excess of preclustered, as compared to nonclustered, ephrin-A5-Fc ( Figure 1C 
Structure of the ADAM10 Substrate-Recognition Module
To gain insights into the molecular architecture of the ADAM10 region mediating the Eph/ephrin interaction, we determined the ADAM10 D+C structure at 2.9 Å resolution and an R factor of 26.1 (R free of 28.9%; Table S1 ). The disintegrin and Cys-rich domains (Figure 4 ) fold in a continuous elongated, slightly curved structure extending approximately 75 Å ( Figure 5A ). The secondary structure content is relatively low, with just two β strands in the disintegrin domain (yellow on Figure 5A ) and seven short β strands and 3 short α helices in the Cys-rich domain (green on Figure 5A ). Apart from small hydrophobic cores in the Cys-rich domain and at the interface between the two domains, the overall structure is mainly stabilized by a series of disulfide bonds involving all of the cysteine residues within the refined model. The ADAM10 disintegrin domain spans residues 455-550, whereby the N-terminal w40 residues are disordered in the structure. The disulfide bonds of the ADAM10 disintegrin domain are topologically identical to the ones in trimestatin, including Cys484-Cys515, Cys503-Cys511, Cys510-Cys536, and Cys524-Cys543. Indeed, the disintegrin domain of ADAM10 can be superimposed onto the disintegrin domains of trimestatin and the blood coagulation inhibitor with root-meansquare deviations between α-carbon positions of 1.4 and 1.9 Å respectively, for 50 directly equivalent residues sharing approximately 30% sequence identity ( Figure 5B ). While it had been speculated that the ADAM10 disintegrin domain might be structurally distinct from the distantly related snake venom disintegrins, our structure documents that this is not the case. Indeed, the structural similarity between these protein families is a remarkable example of divergent evolution of a conserved structural motif to perform novel and distinct molecular functions.
The ADAM Disintegrin Domain Is Structurally Similar to the Snake Venom Disintegrins
The ADAM10 Cysteine-Rich Domain Has a Novel ␣/␤ Fold The larger ADAM10 cysteine-rich domain (residues 551-646) packs against the disintegrin domain via a mini hydrophobic core forming a continuous structure that suggests little interdomain flexibility. A disulfide bridge (Cys530-Cys562) between the two domains further stabilizes their interaction and renders Cys530 unavailable for potential protein-protein interactions. Indeed, Cys530 is conserved only in the disintegrin domains of ADAMs and class III snake venom metalloproteases (which are always followed by a Cys-rich domain), while in most snake venom disintegrins this position is a part of the RGD sequence containing an integrin binding site (integrin binding loop). The Cysrich domain has a novel α/β fold stabilized by five disulfide bonds: Cys555-Cys567, Cys572-Cys598, Cys580-Cys607, Cys597-Cys582, and Cys594-Cys639. The largest of its three β sheets is composed of the three central β strands that pack against the three α helices, while the smaller ones are composed of the two N-terminal and the two C-terminal β strands, respectively. The N-terminal β sheet packs against the first α helix of the cysteine-rich domain on one side and against the disintegrin domain on the other.
As illustrated in the alignment in Figure 4B , the spacing of the conserved cysteine residues in the Cys-rich domain of ADAM10 is very similar to that of ADAM17 and of the only ADAM found in Scizosaccharomyces pombe, which is most likely the first ADAM to have evolved (see Figure 4C) . Interestingly, the spacing between the cysteine residues in all other mammalian ADAMs, including ADAMs 9, 12, and 15, differs in the C-terminal part of the Cys-rich domain, yet is also highly conserved amongst the remaining ADAMs. Therefore, the structure of the Cys-rich domain of ADAM10, 17, and the S. pombe ADAM is likely to differ in its carboxy-terminal region from that of the other ADAMs. Moreover, all other mammalian ADAMs, besides ADAM10 and ADAM17, have an EGF module between the Cys-rich domain and the transmembrane region, while the ADAM10 Cys-rich domain is separated from the cell membrane by only 26 residues, which are likely to be disordered.
An Acidic Surface Pocket in the ADAM10 Cys-Rich Domain Serves as Substrate-Recognition Site
The elongated form of ADAM10 D+C provides an extensive molecular surface (9800 Å 2 ) for potential interactions with other proteins, such as ADAM substrates. Interestingly, despite an overall neutral charge of ADAM10 D+C , a relatively large negatively charged pocket dominates one side of the Cys-rich domain ( Figure 5C ). The local negative electrostatic potential results from the proximity of several solvent-exposed acidic residues, including Glu573 and Glu578 at the entrance and Glu579 inside lanes 1 and 5) , or together with EphA3- Fc (lanes 2 and 6), ephrin-A5-Fc (lanes 3 and 7) , or EphA3-Fc + ephrin-A5 (lanes 4 and 8) . Bound proteins were extracted with Protein-A-Sepharose beads and analyzed as in Figures 3C and 3D. capacity for this ADAM substrate. Both mutations affect neither binding to ephrin-A1 or -A2 (data not shown) nor the overall fold and stability of the mutant ADAM10 D+C proteins which, apart from their distinct binding characteristics for the EphA3/ephrin-A5 complex, are biochemically undistinguishable from wildtype ADAM10 D+C .
To assess the relevance of the newly identified substrate recognition pocket in the context of cell-surfaceexpressed ADAM10, we introduced the [EEE-A] amino acid substitutions into ADAM10 ⌬MP . Not surprisingly, coimmunoprecipitation of EphA3 and ADAM10 using either anti-EphA3 ( Figure 6B, top panels) or anti-HA antibodies (to immunoprecipitate HA-tagged ADAM) (Figure 6B, bottom panels) Figure 6D ). Taken together, these experiments demonstrate the role of the acidic pocket within the ADAM10 Cys-rich domain to mediate an interaction with the EphA3-ephrin-A5/A2 substrate that is essential for ephrin cleavage from the cell surface.
ADAM10 Cleaves Ephrins In trans from the Surface of the Opposing Cell
To this point our experiments suggest ADAM10-mediated ephrin cleavage in trans ( Figure 7A ). In particular, coexpression of ADAM10 with EphA3 promotes cleavage of ephrin-A5 immobilized to the surface of interacting beads ( Figure 1C) , whereas coexpression of ADAM10 with ephrin-A5 does not promote ephrin cleavage, even in the presence of preclustered EphA3-Fc ( Figure S4A ). In contrast, every other ADAM-mediated protein ectodomain shedding has been documented only to occur in cis (Blobel, 2000 (Blobel, , 2005 .
To validate the notion that ADAM10 acts on ephrin-A5 and -A2 (when in complex with EphA3) in a non-cellautonomous (in trans) rather than a cell-autonomous (in cis) fashion with respect to ephrin cleavage, we used confocal microscopy to study interacting HEK293 cells expressing either diHcRed-conjugated EphA3, GFPtagged ephrin-A5, or GFP-tagged ephrin-A2 ( Figure 7B;  Hattori et al., 2000; Wimmer-Kleikamp et al., 2004) . Ephrin cleavage and internalization was discerned again by the appearance of punctate, ephrin-specific green fluorescence within the diHcRed-EphA3-expressing cells (although in some fields the internalized ephrin appears yellow- Figure 7B , arrowheads-due to colocalization of GFP-ephrin with diHC-Red EphA3 during endocytosis). As illustrated in Figure 7B , siRNA-mediated loss of ADAM10 function in the EphA3-expressing cells effectively abrogated cleavage and internalization of both ephrin-A5 and ephrin-A2. Instead, the unprocessed Eph/ephrin complexes assembled into conspicuously dense, large clusters appearing as striking demarcation of cell boundaries (arrows in Figure 7B ). By contrast, siRNA-mediated loss of ADAM10 activity in the ephrin-expressing cells had no effect on ephrin cleavage and internalization into the EphA3-expressing cells ( Figure 7D) .
To confirm the concept of ADAM10-mediated ephrinshedding occurring exclusively in trans, we performed ephrin-A5 cleavage experiments with wild-type, untagged EphA3 and ephrin-A5, assessing at the same time whether the function of the interacting proteins was affected by the presence of the relatively large GFP (or diHcRed) fluorescent tags used in the previous experiments. To monitor ADAM10-mediated ephrin shedding during cell-cell interactions, we added ephrin-A5/ HEK293 cells to monolayer cultures of EphA3/HEK293 cells ( Figure S5B ), whereby either cell type was transfected in parallel experiments with dominant-negative HA-ADAM10 ⌬MP to block ADAM activity ( Figure 7E ). To prevent spreading of the ephrin-A5-expressing cells during the experiment and therefore aid their identification, incubation was performed under gentle agitation, leading to distinctively rounded ephrin-A5-expressing cells (* in Figure 7E HA-ADAM10 ⌬MP -transfected EphA3/HEK293 cells (green cell surface, Figure 7E top; merged images, w40% of total population), do not notably internalize ephrin-A5, even in cases where the interacting ephrin-A5-expressing cells remained attached ( Figure 7E, *) , whereas adjacent, untransfected EphA3/HEK293 cells did (blue-purple cell surface; filled arrow heads). This is particularly apparent when comparing several optical (confocal) planes of the same section ( Figure S5C ). In the parallel experiment ( Figure 7E, bottom panels) , where an EphA3/HEK293 monolayer was incubated with ADAM10 ⌬MP -transfected ephrin-A5/HEK293 cells (w70% ADAM10 ⌬MP -positive; arrows, Figure 7E It is also possible that binding of the Cys-rich domain to the Eph/ephrin substrate serves to remove a putative inhibitory interaction between ADAM10 D+C and the proteinase domain. Previous studies indeed suggest an interaction between the ADAM catalytic domain with the disintegrin domain and/or the cysteine-rich region (Milla et al., 1999; Blobel, 2005) . Another intriguing possibility is that the binding to the Eph/ephrin complex disrupts an interaction between the ADAM metalloproteinase and cysteine-rich domains that is not inhibitory but rather serves the purpose of keeping the active site of the enzyme close to the cell surface on the ADAMexpressing cell (the Cys-rich domain is membrane proximal)-facilitating substrate cleavage, which usually occurs in cis. Disruption of such intramolecular ADAM interaction would free the proteinase domain to reach across to the opposing cell membrane and effect cleavage in trans.
It seems likely that substrate-ADAM10 D+C region interactions specify the cleavage of other ephrins or even shedding of growth factors such as the Notch ligand Delta (Qi et al., 1999) . However, in this context it should be noted that the effect of Drosophila KUZ, which is considered to be an ortholog of ADAM10, is cell autonomous with respect to activation of Notch, and therefore it presumably cleaves Notch in cis, at least during development of sensory bristles (Rooke et al., 1996) , and Alexa 647 were collected sequentially to minimize bleed-through from spectral overlap. Confocal images were processed using analySIS (Soft Imaging System, Germany) and assembled into figures using Corel draw. Crystallization, Data Collection, and Structure Determination ADAM10 D+C was concentrated to 24 mg/ml in a buffer containing 10 mM HEPES (pH 7.4) and 150 mM NaCl. The protein was crystallized in a hanging drop by vapor diffusion at room temperature against a reservoir containing 0.2 M ammonium sulfate and 30% polyethylene glycol 4000 (Hampton Research). Sizable crystals (I4 1 32 space group) grew after 2 months, but could be reproduced in 2 to 3 days with streak seeding. For heavy-metal derivatization, crystals were soaked in mother liquor containing 1 mM auric chloride and frozen with 20% glycerol as cryoprotectant.
In Vitro Binding Assay
The structure was determined by MAD phasing. The crystallographic data were collected on an ADSC Quantum 210 CCD detector at CHESS line F2. Oscillation photographs were integrated, merged, and scaled using DENZO and SCALEPACK (Otwinowski and Minor, 1997). Subsequent calculations were done with autoSHARP and the CCP4 program suite (CCP4, 1994). autoSHARP was used to identify the location of two distinct gold atoms, as well as to refine their position and occupancy for phase calculations. Density modification with DM improved the two wavelength ("peak" and "remote") gold-derivative MAD maps that proved to be of sufficient quality to trace the main chain unambiguously. Refinement proceeded with iterative rounds of model adjustments, molecular dynamics, and energy minimization in CNS (Brunger et al., 1998 ). The final model is refined at 2.9 Å resolution to R and free R values of 26.1% and 28.9%, respectively. No electron density is observed for the 28 N-terminal residues of the expression construct, for residues 486-495 in the disintegrin domain, as well as for residues 584-590 in the Cys-rich domain that are part of a surfaceexposed loop. Stereochemical analysis of the refined model using PROCHECK (CCP4, 1994) revealed main chain and side chain parameters better than or within the typical range of values for protein structures determined at a corresponding resolution. 
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